Abstract-This paper considers the sub-problem of estimating the interior structure of a collapsed building by using embedded Reconstructio f wall based on signal a nuation and UWB radios as sensors. We created an extensive database of relative osition information UWB propagation data through various building materials. Then, using this data and a novel algorithm, we demonstrate that we can indeed determine material type, thickness and cavity dimensions using UWB radios. This paper presents the algorithm and the evaluation results. As we show, for most common building a materials such as concrete and reinforced concrete, the presented / algorithm has a very small estimation error. / Index Terms-GPR, Industrial material analysis, through-wall radar, Wall probing.
I. INTRODUCTION
Rescuing trapped survivors after a building collapses following an earthquake is a difficult and slow task. The primary Fig. 2 . Representation of the building's interior produced by our system. reason for this is that rescuers do not know the structural stability of the rubble and thus need to excavate slowly and deliberately. For trapped survivors, this slow excavation can collapsed structure and pass this information to the surface prove fatal. Tools to determine the location of survivors and the where software fuses the data to create a three dimensional structural topology of the collapsed building typically consist view of the building's interior. Figure 1 shows a view of the of probes or robots lowered through holes. Unfortunately, these interior of the collapsed building. As In a collapse, we expect many sensors to be destroyed. Furthermore, the location of the remaining sensors vis a vis the rubble, will limit the ability of our system to provide as detailed a map as illustrated in Figure 1 . However, even a partial map such as Figure 2 that can be produced by our system will be very beneficial to rescuers. This map shows the location of various survivors as well as the primary support Trapped survivors Sensor displaced from its wall mount walls in the structure. It is easy to see that developing this form of a map requires us to solve several sensing problems including detection of people via heartbeats or C02 levels, identification of cavity shapes, determination of the supporting
In our research we are developing sensors that are embedded wall composition (thickness) and orientation, etc. All this in the walls of the building during construction (or retrofitted sensed information is then fused together to create a map like later). These sensors consist of a UWB component for com- Figure 2 .
munication and sensing as well as an ultrasonic sensor and In this paper, we address only one sensing sub-problem of heartbeat sensor. The idea is that when the building collapses, this larger project. Specifically, we examine the problem of these sensors will collaboratively sense the interior of the determining wall composition, thickness and location (with re-spect to sensors). For this purpose, we rely on the propagation under a multipath condition were developed, e.g., [3] , [4] . We now use the UWB radio to determine the composition and , ,~~~thickness of the shaded wall as follows:
Our algorithm estimates location of a transmitter with very small error even with the considerable ranging error caused 1) Let us assume that the wall thickness is dw and the sum by excessive propagation delay in the NLOS case overcoming of the two distances between each radio and the wall is ranging limitation.
df (freespace distance). Thus, the distance between the Time Domain Corporation [5] received a patent on widetwo radios A and B is y = df + dw (see Figure 3 ). band radar technology that detects the presence of an object or 2) Sensor B transmits a signal at a pre-determined power. motion through a wall, which can be used in through the wall We assume that sensor A either has two receivers or two sensing. Through-wall sensing of heart beat using Direction antennas separated by some distance, where they form of Arrival (DOA) and reflection was previously proposed by a straight line with the antenna of B. The two values of Chia, et al. [9] . the received power are P1 and P2. Let the time difference Technologies such as X-ray tomographic imaging [8] and of when each antenna receives the signal be St and we Ground Penetrating Radar (GPR) [6] , [7] are being applied set x = c6t m -x indicates the difference in distances to create an interior structure image of the concrete, to of the two antennas or receivers from the transmitter. determine concrete thickness, to detect fractures and voids, c is the speed of light in freespace. Let us arbitrarily and for other applications. GPR gained its popularity over Xassume that the signal is received at antenna 1 first (i.e., ray tomographic imaging due to its low cost operation and it is closer to B). safeness. GPR operates in the microwave band of 300MHz up 3) Generally the material used for construction is known to 3GHz which is lower than UWB spectrum of 3.1 GHz to apriori. Indeed, the main load-bearing members used 10.6 GHz. Thus, estimation using UWB gives less error than typically have well-defined thicknesses and composition using GPR, which is critical in locating transceivers precisely (e.g., 8 Figure 4 .
III. RESEARCH APPROACH
4) The distance Yi (i.e., distance to closer receiver) is an Figure 3 illustrates the problem being considered in this unknown. However, we know that at distance Yi the paper. Assume there is a cavity that contains one sensor. In received power is P1 and at Y2 =Yi + x it is P2. We order to create a map as in Figure 2 , we need to determine the draw a horizontal line segment in Figure 4 corresponding size and shape of the cavity as well as the composition and to power levels P1 and P2. We guess a value for Yi ( In order to verify that our algorithm to determine the in Figure 5 since in a cavity, Figure 3 , the two radios will composition and thickness of material works, we conducted a have freespace between themselves and the wall and there series of very detailed signal propagation measurements. There will be all kinds of multipath present. The In order to characterize the pathloss we used the experimental purpose of identifying material properties. setup shown in Figure 5 . We use PulseOn 210 UWB radios B. Determining Material Thickness and Type from Time Domain Corporation. The transmitter is shown Figure 6 plots the pathloss for freespace, reinforced concrete sitting on a stool in the figure while the receiver is in (7.5in), concrete (6.5in) and wood (4.5in). The numbers next the enclosed box that has shielding material layered on the to each line indicate the slope and the y-intercept. For clarity inside (90dB attenuation). The building material is mounted we have left out the individual measurements and only retained between the two radios and the transmitter was put at different the best fit lines. We note that the experiment was done in a controlled the error (expressed as a percentage) in estimating Yi versus condition in a lab and is not validated in the field. Signal Y2-Yi (i.e, the distance between the two receivers), reflection is minimized by the use of shielding material, and Figure 7 shows the plot for freespace and Figure 8 shows the material size was devised to be big enough to mitigate the the same plot for reinforced concrete. The error for freespace diffraction effect. Antenna faces the wall in such a way that the is highly variable for all Yi -Y2 values and is explained by signal is incident to the wall at 900. We are currently extending the severe multipath present in the laboratory which is essen-the result to other angles of incidence. If the wall thickness tially a large concrete sub-basement used for testing concrete is other than what is in the database, then the algorithm will structures. Interestingly, the error is small and consistent for not work as presented here. However, we are in the process reinforced concrete primarily because a great deal of signal of extending the algrthhs cs as well, by energy is absorbed by the reinforced concrete leaving little using interpolation techniques. VI. CONCLUSIONS In this paper we consider the problem of estimating the thickness and type of material using UWB radios as sensors. The algorithm developed is shown to have very good performance and it is able to identify the material correctly almost always. The approach used in this paper utilized two radio receivers separated by some distance. As a next step we will consider whether the accuracy can be further improved by utilizing the ultrasonic ranging data that is available to us.
